Introduction
============

Colorectal cancer is the third most common cancer worldwide ([@b1-mmr-18-06-5552]); the lifetime risk of developing colorectal cancer is 4.7% for men and 4.4% for women. Although the mortality rate from colorectal cancer has been declining for several decades owing to the early diagnosis and improved treatment, \>1 million novel cases are diagnosed each year. Therefore, it is crucial to identify novel biomarkers and therapeutic targets for colorectal cancer to improve the prognosis of the disease.

Sumoylation is a transient post-translational modification process that is highly regulated by the balance between enzyme-mediated conjugating and deconjugating activities. Small ubiquitin-like modifier (SUMO) conjugation involves an associated enzymatic cascade that includes an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin ligase ([@b2-mmr-18-06-5552]). It has been demonstrated that sumoylation is associated with a range of cellular processes, including cell cycle progression, apoptosis regulation, maintenance of genome integrity, DNA repair, cell survival, modulation of subcellular transport and transcription ([@b3-mmr-18-06-5552],[@b4-mmr-18-06-5552]). A previous study reported that sumoylation regulates the cell cycle in glioblastoma by stabilizing cyclin-dependent kinase (CDK) 6 ([@b5-mmr-18-06-5552]). Other studies have demonstrated the interaction between CDKs and sumoylation during cell cycle regulation ([@b6-mmr-18-06-5552],[@b7-mmr-18-06-5552]). The imbalance between sumoylation and desumoylation is associated with a variety of diseases, such as cancer ([@b8-mmr-18-06-5552]--[@b10-mmr-18-06-5552]). For example, sumo-conjugating enzyme UBC9 is upregulated in a number of types of cancer, including prostate cancer, breast cancer, advanced melanomas and colon cancer ([@b11-mmr-18-06-5552],[@b12-mmr-18-06-5552]). UBA2/SAE2 was reported to promote the growth of colon tumors in mice ([@b13-mmr-18-06-5552]), and tumor aggressiveness was associated with increased MDM2 expression induced by the upregulation of SUMO1 in patients with oral squamous cell carcinoma ([@b14-mmr-18-06-5552]).

Ubiquitin-like modifier-activating enzyme 2 (UBA2), also known as sumo-activating enzyme subunit 2 (SAE2), is a subcomponent of the sumoylated E1 enzyme. The human UBA2 gene is located on chromosome19q12, which is one of the most important enzymes that directly affect the levels of sumoylation in the body ([@b3-mmr-18-06-5552],[@b15-mmr-18-06-5552],[@b16-mmr-18-06-5552]). A number of previous studies have implicated UBA2 in clinical diseases; for example, haploinsuffiency of the UBA2 gene is associated with cutis aplasia ([@b17-mmr-18-06-5552],[@b18-mmr-18-06-5552]). In addition, UBA2 was reported to form a fusion protein with the DNA dC\>dU-editing enzyme APOBEC3G to prevent the degradation of the APOBEC3G protein by human immunodeficiency virus (HIV)-viral infectivity factor ([@b19-mmr-18-06-5552]). Therefore, UBA2 may serve an inhibitory role in HIV infectivity, which suggested that UBA2 may exert its biological function by stabilizing certain proteins. Recent studies have demonstrated that UBA2 was highly expressed in certain malignant diseases, including liver cancer ([@b20-mmr-18-06-5552]), small cell lung cancer ([@b21-mmr-18-06-5552]) and gastric cancer ([@b22-mmr-18-06-5552]). Another study reported that the expression levels of UBA2 were different in metastatic colorectal cancer compared with the primary tumor ([@b23-mmr-18-06-5552]). However, the function and clinical significance of UBA2 in colorectal cancer are not clear.

In the present study, the expression level of UBA2 was examined in patients with colorectal cancer, and UBA2 expression was associated cancer stage. Furthermore, the function of UBA2 on cell proliferation *in vitro* and *in vivo* was examined. The results of the present study indicated that UBA2 may serve important roles in tumorigenesis and may act as a potential therapeutic target in colorectal cancer.

Materials and methods
=====================

### Patients

Colorectal cancer tissues were collected from 237 patients with colorectal cancer in Bethune First Hospital of Jilin University (Changchun, China) between January 2009 and December 2015; patient clinicopathological characteristics are presented in [Table I](#tI-mmr-18-06-5552){ref-type="table"}. Patients who received preoperative radiotherapy or chemotherapy and patients with multiple tumors were excluded from the present study. The pathological stage of cancer was determined according to the American Joint Committee on Cancer stage. All tumors were confirmed by a pathologist and have been collected intraoperatively. The fresh specimens for molecular analysis were immediately frozen in liquid nitrogen and stored in −80°C. Specimens for immunohistochemistry (IHC) were fixed in formalin for 24 h at room temperature and embedded in paraffin for further experiments. The present study was approved by the Ethics Review Committee at Jilin University. All patients were informed their participation rights and signed the written informed consent.

### Bioinformatic analysis

Analysis of UBA2 mRNA expression levels was performed using datasets containing 334 colorectal cancer specimens and 28 normal colorectal specimens were obtained from the Cancer Genome Atlas via the starBase online database (<http://starbase.sysu.edu.cn>) ([@b24-mmr-18-06-5552],[@b25-mmr-18-06-5552]).

### Total RNA extraction

Total RNA from \~100 mg tissue and 5×10^6^ cells of 7 colorectal cancer cell lines was extracted using TRIzol^®^ Reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according the manufacturer\'s protocol. Briefly, the frozen specimens were placed in a microcentrifuge tube with 1 ml TRIzol and homogenized with a disposable plastic pestle. The specimens were incubated at room temperature for 5 min, and subsequently centrifuged at 12,000 × g for 10 min at 4°C. The supernatants were transferred to a fresh microcentrifuge tube and 200 µl chloroform was added for phase separation. RNA was precipitated by adding pre-chilled isopropanol. The specimens were centrifuged at 12,000 × g for 10 min at 4°C and the pellets were washed with 75% ethanol. The concentrations and purity of the extracted RNA were measured on a spectrophotometer at 260 and 280 nm wavelengths.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay

Total RNA from frozen colorectal cancer tissues or cell cultures was reverse transcribed into cDNA using a Reverse Transcriptase kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer\'s protocol. UBA2 mRNA expression levels were measured by qPCR using 12.5 µl SYBR-Green (cat. no. DRR041B; Takara Biotechnology Co., Ltd., Dalian, China) 1 µl each primer, 2 µl cDNA and 8.5 µl diethyl pyrocarbonate-treated water. The thermocycling conditions were as follows: Initial denaturation at 95°C for 15 sec, followed by 40 cycles of 95°C (5 sec) and 60°C (30 sec). The primers used were as follows: GAPDH, forward, 5′-TGACTTCAACAGCGACACCCA-3′ and reverse, 5′-CACCCTGTTGCTGTAGCCAAA-3′; UBA2, forward, 5′-CACAGGTTGCCAAGGAA-3′ and reverse, 5′-GACACTCATAACACTCGGTCA-3′; GAPDH was used as an internal control. UBA2 mRNA expression levels were quantified using the 2^−ΔΔCq^ method and normalized to the expression levels of GAPDH ([@b26-mmr-18-06-5552]). All experiments were performed three times in triplicate.

### IHC analysis

IHC was performed to examine the protein expression of UBA2 in colorectal cancer specimens. The specimen sections (5 µm) were deparaffinized using xylene for 5 min at room temperature three times, which was followed by rehydration using 100% ethanol for 10 min, 95% ethanol for 10 min and water for 10 min. Antigen retrieval via steam treatment in citrate buffer was then performed at 120°C for 10 min. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide at room temperature for 10 min. Non-specific protein binding was blocked by 10% normal sheep serum for 30 min at room temperature (Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China). Sections were incubated with anti-UBA2 primary antibody (1:100; Abcam, Cambridge, MA, USA; cat. no. ab185955) at 4°C overnight. Subsequently, the sections were incubated with a secondary antibody conjugated with HRP \[cat. no. KIT-9706; UltraSensitive^™^ SP (Rabbit) IHC kit; Fuzhou Maixin Biotech Co., Ltd.\] for 40 min at room temperature. The high-sensitivity 3,3-diaminobenzidine chromogenic substrate system was used for colorimetric visualization. In addition, specimen sections were also stained with 0.2% hematoxylin at room temperature for 5 min, 1% acid alcohol at room temperature for 30 sec and 0.5% eosin at room temperature for 1 min. The slides were examined using a light microscope (BX53F; Olympus Corporation, Tokyo, Japan). The paracancerous normal tissues were used as negative controls. The magnification was ×100 and 25 visual fields were analyzed.

### Cell culture

The human colorectal cancer cell lines RKO, HCT116, HT-29, DLD-1, SW480, SW620 and LoVo were purchased from Shanghai GeneChem Co., Ltd., (Shanghai, China). The cells were routinely grown in RPMI-1640 (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C in a humidified incubator with 5% CO~2~.

### Cell proliferation by MTT assay

RKO and HCT116 colorectal cancer cells at 70--80% confluency were transfected with UBA2-targeting small interfering (si)RNA (Invitrogen; Thermo Fisher Scientific, Inc.). The UBA2-siRNA sequence was 5′-GCCCGAAACCATGTTAATAGA-3′, and a scrambled siRNA (5′-GCCTAACTGTGTCAGAAGGAA-3′) was used as the negative control (NC-siRNA). siRNAs and Lipofectamine^®^ 2000 (Gibco; Thermo Fisher Scientific, Inc.) were diluted in OPTI-MEM (Gibco; Thermo Fisher Scientific, Inc.) separately prior to being mixed. The siRNA-Lipofectamine 2000 mixture at a ratio of 1:0.1 (pmol:µl) was incubated for 30 min at room temperature, added to the colorectal cancer cell cultures for 6--8 h in a 37°C, 5% CO~2~ incubator and replaced with fresh culture medium. A total of 72 h post-transfection, proliferation was measured by MTT assay. Briefly, the transfected cancer cells were seeded in 96-well plates at a density of 1×10^4^ cells/well. Following overnight incubation, MTT (5 mg/ml) was added to each well without replacing the medium. Following 4 h incubation, the medium was aspirated followed by the addition of 100 µl dimethyl sulfoxide into each well to dissolve the purple formazan crystals; the plates were agitated for 5--10 min. The optical density values were measured at 490 nm using a microplate reader. All experiments were performed three times in triplicate.

### Determination of cell colony formation

To examine the effects of UBA2 on colony formation, 800 RKO and HCT116 colorectal cancer cells transfected with UBA2-siRNA or NC-siRNA were suspended in culture medium containing 10% FBS and seeded in 6-well plates; cells were cultured at 37°C in a humidified incubator with 5% CO~2~. Fresh complete culture medium was changed every 3 days, and the cells were grown for 14 days. Subsequently, the cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 500 µl clean, particle-free GIEMSA staining solution for 20 min at room temperature. Colonies were washed with PBS and air-dried. Images were captured with a digital camera. All experiments were performed three times in triplicate.

### Cell cycle analysis by fluorescence-activated cell sorting

To determine the effects of UBA2 on the cell cycle, RKO and HCT116 colorectal cancer cells (1×10^6^) transfected with UBA2-siRNA or NC-siRNA were harvested and washed in PBS (pH=7.2--7.4) followed by fixation in pre-chilled 70% ethanol for 1 h at −20°C. The cells were treated with RNase (2 U/ml) and stained with propidium iodide (50 µg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in the dark for 30 min at room temperature. The cell cycle was determined by flow cytometry analysis (NovoCyte Benchtop flow cytometer; ACEA Biosciences, San Diego, CA, USA) and NovoExpress software (version 1.2.1; ACEA Biosciences, San Diego, CA, USA). All experiments were performed three times in triplicate.

### Apoptosis analysis by flow cytometry

To determine the effects of UBA2 on apoptosis, 5×10^5^ RKO and HCT116 colorectal cancer cells transfected with UBA2-siRNA and NC-siRNA were harvested and washed with PBS. The cells were washed with binding buffer at room temperature and then incubated with Annexin V-APC (cat. no. 88-8007; eBioscience; Thermo Fisher Scientific, Inc.) in the dark at room temperature for 15 min prior to flow cytometric analysis. All experiments were performed three times in triplicate.

### Western blotting

To detect the effects of UBA2 on target protein expression, western blotting was performed using the primary antibodies listed in [Table II](#tII-mmr-18-06-5552){ref-type="table"}, as described previously ([@b2-mmr-18-06-5552]). Cells (1×10^6^) transfected with UBA2-siRNA and NC-siRNA were harvested and lysed with lysis buffer (cat. no. 9803; Cell Signaling Technology, Inc., Danvers, MA, USA). Protein concentration was analyzed using a protein assay kit (5000007) with bovine serum albumin standards according to the manufacturer\'s instructions (5000002) (both from Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins (30 µg per lane) were separated by 10 or 15% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane. GAPDH was used as loading control. The densitometry of protein band was analyzed with ImageJ software (version 1.48v; National Institutes of Health, Bethesda, MD, USA).

### In vivo xenograft

All animal experiments were performed according to the approved protocols of the Animal Care and Use Committee at Jilin University. Female BALB/c nude mice (6 weeks; weight, 20--22 g; n=12) were purchased from Jilin University Animal Center and were housed under specific pathogen free conditions at 20--26°C, 40--70% humidity and a 12/12 h light/dark cycle. The animals were acclimated for 1 week prior to start of the experiment, could move freely and had free access to food and water. A total of 6 mice were subcutaneously injected with 2.0×10^6^ RKO tumor cells transfected with UBA2-siRNA or NC-siRNA mixed with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) into left flank of the mice respectively to form a single tumor. Tumor growth and body weight were monitored every 2 days for 2 weeks, and tumor volume was measured in three dimensions using calipers on alternate days. The tumor volume (V) was calculated using the formula: V=π/6 × L × W × H; where W is width, L is length and H is height.

### Statistical analysis

All data were analyzed by SPSS 21.0 (IBM Corp., Armonk, NY, USA). Clinicopathological features were evaluated using Pearson\'s χ^2^ test. The differences between groups were examined by the Student\'s t-test or the analysis of variance followed by a Tukey post-hoc test. For the IHC study, the Fisher\'s exact test was performed for statistical analysis. Overall survival rate was determined by the Kaplan-Meier method; log-rank test was used for statistical analysis of survival curves. P\<0.05 was considered to indicate a statistically significant difference. All the data are presented as the mean ± standard deviation.

Results
=======

### UBA2 expression is increased and associated with prognosis in colorectal cancer

Colorectal cancer tissues and normal tissues were collected from patients with colorectal cancer, and RT-qPCR was performed to examine the UBA2 mRNA expression levels. UBA2 mRNA expression levels were significantly higher in cancer tissues compared with the normal tissues (P=0.008; [Fig. 1A](#f1-mmr-18-06-5552){ref-type="fig"}). UBA2 protein expression was also examined in the cancer tissues by IHC, which demonstrated that UBA2 expression was notably increased compared with the paracancerous tissues ([Fig. 1B](#f1-mmr-18-06-5552){ref-type="fig"}). UBA2 mRNA expression levels in 334 colorectal cancer specimens and 28 normal colorectal specimens from the Cancer Genome Atlas obtained through the starBase online database (<http://starbase.sysu.edu.cn>; [Fig. 1C](#f1-mmr-18-06-5552){ref-type="fig"}) were further analyzed; and the results suggested that UBA2 mRNA expression levels were significantly increased in cancerous tissues compared with normal tissues (P\<0.001).

To determine the effects of UBA2 expression on the survival rate of patients with colorectal cancer, 237 colorectal cancer patients were followed up for 84 months. Patients with higher UBA2 protein expression levels exhibited a significantly decreased survival rate compared with those patients expressing lower UBA2 levels (P\<0.05; [Fig. 1D](#f1-mmr-18-06-5552){ref-type="fig"}). In addition, UBA2 protein expression was revealed to be associated with the location of tumor, histological grade and tumor node and metastasis stage ([Table I](#tI-mmr-18-06-5552){ref-type="table"}). In addition, UBA2 protein expression is enhanced in the ascending and descending colon compared with the transverse colon, and also enhanced in tumors without lymph node metastasis compared with tumors with lymph node metastasis ([Table I](#tI-mmr-18-06-5552){ref-type="table"}). No significant associations were made between UBA2 expression and age, sex, lymph node and depth of invasion ([Table I](#tI-mmr-18-06-5552){ref-type="table"}).

### Downregulation of UBA2 inhibits colorectal cancer cell proliferation and colony formation

To investigate the effects of UBA2 on colorectal cancer cell proliferation, MTT and colony formation assays were performed using colorectal cancer cells transfected with UBA2-siRNA and NC-siRNA. First, the mRNA expression levels of UBA2 in different colorectal cancer cell lines were examined ([Fig. 2A](#f2-mmr-18-06-5552){ref-type="fig"}); UBA2 was expressed in all seven selected cell lines, including RKO, HCT116, HT-29, DLD-1, SW480, SW620 and LoVo cells. In order to compare the data generated in the present study with previous studies ([@b27-mmr-18-06-5552],[@b28-mmr-18-06-5552]), RKO and HCT116 cells were selected to determine the role of UBA2 on cell proliferation. UBA2-siRNA transfection notably reduced the mRNA and protein expression levels of UBA2 in RKO cells and HCT116 cells ([Fig. 2B-E](#f2-mmr-18-06-5552){ref-type="fig"}).

Downregulation of UBA2 significantly inhibited the proliferation of RKO and HCT116 cells compared with NC-siRNA-transfected cells at day 4 and day 5 time points (P\<0.05; [Fig. 3A and B](#f3-mmr-18-06-5552){ref-type="fig"}). Furthermore, downregulation of UBA2 in RKO and HCT116 cells significantly decreased the colony formation capacity compared with the control cells (P\<0.05; [Fig. 3C and D](#f3-mmr-18-06-5552){ref-type="fig"}).

### Downregulation of UBA2 induces cell cycle arrest and apoptosis in colorectal cancer cells

The effects of UBA2 on the cell cycle and apoptosis in colorectal cancer cells were examined by flow cytometry. Compared with NC-siRNA-treated cells, RKO and HCT116 cells transfected with UBA2-siRNA exhibited significant reductions in the number of cells in S phase, whereas the number of G2 phase cells was significantly increased (P\<0.05; [Fig. 4A-F](#f4-mmr-18-06-5552){ref-type="fig"}). These results indicated that UBA2 induced G2/M arrest in these colorectal cancer cell lines. Downregulation of UBA2 significantly increased the apoptotic rates in RKO cells and HCT116 cells compared with NC-siRNA-treated cells (P\<0.05; [Fig. 4G-L](#f4-mmr-18-06-5552){ref-type="fig"}). These results suggested that UBA2 might inhibit apoptosis in colorectal cells.

### UBA2 promotes tumor growth in vivo

To further examine the function of UBA2 on colorectal cancer growth, UBA2-siRNA or NC-siRNA transfected RKO cells were injected subcutaneously into the left flank of the athymic nude mice. Tumor volume was measured every other day. The largest tumor diameter was \~14.9 mm in the control group and \~13 mm in the UBA2 downregulation group. A total of 2 weeks following xenotransplantation, the mice (weight, 25--28 g) were sacrificed and the tumors from each animal were collected ([Fig. 5A](#f5-mmr-18-06-5552){ref-type="fig"}). The tumors grew significantly more slowly in the UBA2-siRNA RKO cell group, compared with the NC-siRNA RKO cell group (P\<0.05; [Fig. 5B](#f5-mmr-18-06-5552){ref-type="fig"}). The average tumor weight was also significantly lower in the UBA2-siRNA RKO cell group compared with the NC-siRNA RKO cell group (P\<0.05; [Fig. 5C](#f5-mmr-18-06-5552){ref-type="fig"}).

### Target protein expression

To determine the potential mechanisms underlying UBA2-mediated cell proliferation and apoptosis, the expression levels of cell cycle associated proteins in RKO colorectal cancer cells were examined by western blotting. As demonstrated in [Fig. 6](#f6-mmr-18-06-5552){ref-type="fig"}, the expression of cyclin B1, Bcl-2, phosphorylated protein kinase B (p-AKT) and E3 ubiquitin-protein ligase MDM2 were decreased, whereas the expression levels of p21 and p27 were increased in colorectal cancer cells following downregulation of UBA2, compared with NC-siRNA transfected cells ([Fig. 6A and B](#f6-mmr-18-06-5552){ref-type="fig"}).

Discussion
==========

UBA2 forms a heterodimer with SAE1, which acts as an E1-activating enzyme for the sumoylation of proteins ([@b16-mmr-18-06-5552]). Adenosine triphosphate-dependent activation is mediated by the heterodimer through a thioester bond between sumo and a conserved active site cysteine residue on UBA2/SAE2 ([@b29-mmr-18-06-5552]). Previous studies indicated that UBA2 may be a metastasis suppressor and prognostic marker in colorectal cancer. UBA2 expression levels are decreased in metastatic colorectal cancer cells ([@b21-mmr-18-06-5552]--[@b23-mmr-18-06-5552]). Another study demonstrated that the ubiquitin-associated protein 2-like (UBAP2L) gene, located on human chromosome 1q21.3, is associated with tumorigenesis of several types of human cancer, including multiple myeloma ([@b30-mmr-18-06-5552]), liver cancer ([@b31-mmr-18-06-5552]) and ovarian cancer ([@b32-mmr-18-06-5552]). Chai *et al* demonstrated that UBAP2L serves important roles in colorectal cancer cell growth and survival ([@b33-mmr-18-06-5552]), and that knockdown of UBAP2L in colorectal cancer cells led to suppression of proliferation, cell cycle arrest and apoptosis through the inhibition of p38 phosphorylation, and activation of proline-rich AKT1 substrate 1, Bcl-2-associated agonist of cell death, Bax, cleavage of poly\[ADP-ribose\] polymerase-4 and caspase-3.

Results from the present study demonstrated that the expression levels of UBA2 were increased in colorectal cancer tissues, and UBA2 expression was associated with higher stage in colorectal cancer and poor prognosis, which are consistent with a previous study ([@b23-mmr-18-06-5552]). The results also demonstrated that UBA2 affected colorectal cancer cell proliferation *in vitro* and *in vivo*. In addition, downregulation of UBA2 expression induced apoptosis in colorectal cancer cells. These results indicated that UBA2 might serve important roles in colorectal cancer. However, normal colon cell lines were not included as a control in the present study, which limited our understanding of the expression level of UBA2 in non-cancerous colon cell lines.

Recent studies have demonstrated that knockdown sumo-conjugating enzyme UBC9 expression suppressed proliferation of RKO and HCT116 colorectal cancer cell lines ([@b27-mmr-18-06-5552],[@b28-mmr-18-06-5552]). Similarly, knockdown UBA2 expression also suppressed proliferation of RKO and HCT116 cells, indicating SUMO pathway serves important roles in carcinogenesis of colorectal cancer. Knockdown of UBA2 decreased expression of cyclin B1, Bcl-2, MDM2 and p-AKT. Since sumoylation promotes cell cycle progress in glioblastoma by stabilizing CDK6 ([@b5-mmr-18-06-5552]), the data from the present study indicated that expression reduction of cyclin B1, Bcl-2, MDM2 and p-AKT may be due to desumoylation by UBA2 inhibition, which is required to be studied in future. To further investigate the molecular mechanisms underlying UBA2-mediated cell proliferation and apoptosis in colorectal cancer, p53/MDM2/p21 signaling pathway was examined in the present study Knockdown of UBA2 by siRNA decreased MDM2, but increased p21 and p27 protein expression in colorectal cancer cells. Cyclin B1 and cell division control 2 form a complex that promotes the transition of cells from G2 to M phase ([@b34-mmr-18-06-5552]). p21 and p27, downstream target proteins of p53, act as inhibitors of cell cycle progression at the G1, and S phase, and increased expression of such factors induces cell cycle arrest ([@b35-mmr-18-06-5552],[@b36-mmr-18-06-5552]). Consistent with the alterations in cyclin B1, p21 and p27 expression levels, cells transfected with UBA2-siRNA were observed to be present in the G2/M cell cycle stage. Bcl-2 is an important member of the Bcl-2 family of regulator proteins that regulate apoptosis, and Bcl-2 downregulation leads to the induction of apoptosis ([@b37-mmr-18-06-5552]). The results of the present study revealed that UBA2 silencing suppressed Bcl-2 expression and apoptosis levels, which indicated that downregulation of Bcl-2 is associated with UBA2-siRNA-induced apoptosis. The PTEN/PI3K/AKT signaling pathway is an essential pathway in the regulation of multiple biological processes, including apoptosis, cell proliferation and metabolism ([@b38-mmr-18-06-5552]), in which both PTEN and AKT are part of the sumoylation pathway. The amino (N)-terminal domain of MDM2 interacts directly with the N-terminal transactivation domain of p53 and negatively regulates p53 transcriptional activation ([@b39-mmr-18-06-5552]). The results suggested that UBA2 promoted cell proliferation and inhibited apoptosis by increasing cyclin B1, Bcl-2, p-AKT, MDM2, but decreasing p21 and p27 expression and involving PTEN/PI3K/AKT and p53/MDM2/p21 signaling pathways in colorectal cancer cells. These data suggest that elevated expression of UBA2 is an important contributor to the development of colorectal cancer.

In conclusion, results from the present study indicated that UBA2 expression may enhance colorectal cancer cell proliferation and inhibit apoptosis. Furthermore, the expression of UBA2 may be associated with p53/MDM2/p21 and PI3K/AKT signaling pathways. Although UBA2 is an ubiquitin-like modifier-activating enzyme, the present study did not establish a mechanistic link between UBA2 and SUMO modification of proteins. Further studies are required to determine how UBA2 silencing downregulates cyclin B1, Bcl-2 and p-AKT levels associated with SUMO modification. UBA2 may serve an essential role in proliferation of colorectal cancer and may be used as a potential biomarker to predict prognosis and a therapeutic target in colorectal cancer.
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![UBA2 expression in colorectal cancer. (A) UBA2 mRNA expression levels were examined in cancerous and paracancerous tissue by reverse transcription-quantitative polymerase chain reaction. (B) H&E staining and UBA2 immunohistochemistry of normal colorectal tissue and colorectal cancer tissue (magnification, ×100). (C) Analysis of UBA2 expression in colorectal cancer tissue and normal colorectal tissue using data obtained from the starBase database. (D) Survival rates of patients with colorectal cancer with different expression levels of UBA2. UBA2, ubiquitin-like modifier-activating enzyme 2; H&E, hematoxylin and eosin.](MMR-18-06-5552-g00){#f1-mmr-18-06-5552}

![UBA2 expression levels in colorectal cancer cell lines. (A) UBA2 mRNA expression levels in colon cancer cell lines were detected by RT-qPCR. (B) UBA2 mRNA expression levels in RKO cells transfected with UBA2-siRNA or NC-siRNA. (C) UBA2 protein expression levels in RKO cells transfected with UBA2-siRNA or NC-siRNA were detected by western blotting. (D) UBA2 mRNA expression levels in HCT116 cells transfected with UBA2-siRNA or NC-siRNA were detected by RT-qPCR. (E) UBA2 protein expression levels in HCT116 cells transfected with UBA2-siRNA or NC-siRNA were detected by western blotting. All experiments were performed three times in triplicate. NC, negative control; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; siRNA, small interfering; UBA2, ubiquitin like modifier activating enzyme 2.](MMR-18-06-5552-g01){#f2-mmr-18-06-5552}

![Downregulation of UBA2 inhibited colorectal cancer cell proliferation and colony formation. (A) Proliferation of RKO cells transfected with UBA2-siRNA or NC-siRNA. (B) Proliferation of HCT116 cells transfected with UBA2-siRNA or NC-siRNA. \*P\<0.05 vs. the NC-siRNA. (C) Colony formation capacity of RKO cells transfected with UBA2-siRNA or NC-siRNA. (D) Colony formation capacity of HCT116 cells transfected with UBA2-siRNA or NC-siRNA. All experiments were performed three times in triplicate.](MMR-18-06-5552-g02){#f3-mmr-18-06-5552}

![Effects of UBA2 on the cell cycle and apoptosis. (A and B) Cell cycle analysis by flow cytometry in RKO cells transfected with (A) NC-siRNA and (B) UBA2-siRNA. (C) Relative quantity of cells in G0/G1, S and G2/M phases in the RKO cells transfected with UBA2-siRNA or NC-siRNA. (D and E) Cell cycle analysis by flow cytometry in HCT116 cells transfected with (D) NC-siRNA and (E) UBA2-siRNA. (F) Relative quantity of cells in G1/G1, S and G2/M phases in the HCT116 cells transfected with UBA2-siRNA or NC-siRNA. (G-J) Apoptosis analysis by flow cytometry in (G) RKO cells transfected with NC-siRNA, (H) RKO cells transfected with UBA2-siRNA, (I) HCT116 cells transfected with NC-siRNA, and (J) HCT116 cells transfected with UBA2-siRNA. (K and L) Apoptotic rates calculated from data in RKO cells and HCT116 cells. \*P\<0.05, \*\*P\<0.01 vs. the NC-siRNA. All experiments were performed three times in triplicate.](MMR-18-06-5552-g03){#f4-mmr-18-06-5552}

![Downregulation of UBA2 inhibits tumor growth *in vivo*. (A) Tumors in the NC-siRNA and UBA2-siRNA groups were isolated from mice at the endpoint of experiments. (B) Tumor volume was monitored in the NC-siRNA and UBA2-siRNA groups for 2 weeks. \*P\<0.05 vs. the NC-siRNA. (C) Tumor weight was monitored in the NC-siRNA group and UBA2-siRNA group at the endpoint of experiments.](MMR-18-06-5552-g04){#f5-mmr-18-06-5552}

![(A) Expression levels of cell cycle associated proteins (p21, p27 and cyclin B1) and apoptosis associated proteins (Bcl-2 and p-AKT) were determined by western blotting. (B) Densitometry analysis was performed to determine the protein expression. Data was normalized to GAPDH and then normalized to NC-siRNA. Bcl-2, B-cell lymphoma-2; MDM2, E3 ubiquitin-protein ligase MDM2; p-AKT, phosphorylated protein kinase B; NC, negative control; siRNA, small interfering RNA; UBA2, ubiquitin-like modifier-activating enzyme 2.](MMR-18-06-5552-g05){#f6-mmr-18-06-5552}

###### 

Clinicopathological characteristics of patients with colorectal cancer.

                          UBA2 expression               
  ----------------------- ----------------- ----- ----- ---------
  Number of patients      35                202   237   
  Age (years)                                           0.110
    \<61                  20                86    106   
    ≥61                   15                116   131   
  Sex                                                   0.058
    Male                  24                98    122   
    Female                11                104   115   
  Tumor location                                        \<0.001
    Ascending colon       6                 87    93    
    Descending colon      25                112   137   
    Transverse colon      4                 3     7     
  Histological grade                                    \<0.001
    Well and moderate     14                177   191   
    Poor and other        21                25    46    
  Depth of invasion                                     0.546
    T1-T2                 2                 13    15    
    T3                    23                148   171   
    T4                    10                41    51    
  Lymph node metastasis                                 0.056
    Absent                14                116   130   
    Present               21                86    107   
  TNM stage                                             0.041
    I--II                 23                95    118   
    III--IV               12                107   119   

TNM, tumor, node, metastasis; UBA2, ubiquitin like modifier activating enzyme 2.

###### 

Antibodies used in western blotting.

  Protein     Vendor                                               Cat. no.   Dilution
  ----------- ---------------------------------------------------- ---------- ----------
  UBA2        Abcam (Cambridge, MA, USA)                           ab185955   1:500
  p21         Abcam                                                ab227443   1:300
  p27         Abcam                                                ab137736   1:300
  Cyclin B1   Cell Signaling Technology, Inc. (Danvers, MA, USA)   4138       1:500
  Bcl-2       Abcam                                                ab194583   1:300
  MDM2        Abcam                                                ab226939   1:200
  p-AKT       Abcam                                                ab38449    1:300
  GAPDH       Cell Signaling Technology, Inc.                      2118       1:2,000

Bcl-2, B-cell lymphoma-2; MDM2, E3 ubiquitin-protein ligase MDM2; p-AKT, phosphorylated protein kinase B; UBA2, ubiquitin-like modifier-activating enzyme 2.
